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This paper refers to the combined study of the influence of plasma flow turbulization degree on
the efficiency of the plasma spraying technological process. The basis of the study is the absence of
consensus between two optimization approaches, which are used to increase the profitability of plasma
systems for coating, applying by the groups of scientists, who prefer laminar or turbulent plasma flow gear.

The study contains: mathematical model of the heat exchange between the metal particle and
plasma flow with the variation of process parameters — flow character and the dimensions of the
boarder layer, which depends from the turbulization degree, controlled by the exchange of the two
perpendicularly directed parts of the flow speed; laboratory performance research experiences of the
plasma spraying system with the variation of the material and flow turbulization degree, which have
been controlled with the help of an innovative technique. The astounding results reduce the opinions of
the mainstream scientific schools into the union point, showing that the most optimal mode for the
operation of plasma devices is exploitation with the flow in condition of the laminar-turbulent transition.
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Introduction

Plasma spraying, which was born as the evolution of metallization flame spray process 1, has a significant drawback,
compared to its progenitor 2, which greatly limits the widespread introduction of this technology 3 — a high degree of
energy consumption of the process (low efficiency).

A lot of great scientists and engineers have tried to modernize the technological process of plasma spraying for many
years, constantly working on equipment improving 4, trying different approaches 5. At the moment, the main way to
increase the efficiency of this process is to use plasma torches, which generate long plasma jets with laminar character of
the flow — the method, which increase the amount of time of the melted particle in a high-temperature zone 6. However,
there is a large number of scientists 7, who follow the theory, according to which, an increase of flow turbulization degree
is considered as a catalyst for the emergence of optimal conditions for the implementation of heat transfer during the
plasma spraying process, and, probably, the main reason for this is the increase of viscous dissipation parameter 8.

The turbulent nature of the heat exchange between the plasma forming gas and the arc column leads to an increase
in high-frequency pulsations (the amplitude and frequency of which depend upon the flow rate), composition, gas tem-
perature, shunting dynamics of the arc column. These pulsations cause the fluctuations in the enthalpy, temperature,
velocity of the plasma jet with frequencies up to several kilohertz. There is an assumption, that during the heat transfer in
a turbulent flow, the heat transfer coefficient a increases, since the boundary layer that hinders the heat exchange between
plasma and particle (an area with multiple growing of the viscosity parameter and the big recession of the thermal con-
ductivity) dissipates much more intensively, than in the case of the laminar outflow, under the influence of the multidi-
rectional forces.

Figure 1. Visualization of the influence of turbulent flow
on the geometric characteristics of the boundary layer.
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Study methodology

To indicate the conclusions about the feasibility of the above concept, it is necessary to conduct a series of experi-
ments, the methodology of which is aimed at setting and solving of engineering optimization task for the plasma spraying
process.

The dimensionless complex, called the Reynolds criterion, is the criterion for the similarity of gas dynamic flows
and in the case under consideration is defined as 9:

Re = Pgas'Vp'd

, 1)
n

where pg,s — density of the plasma, v, — plasma flow velocity in the zone of nozzle outlet, d — nozzle diameter, p —
dynamic viscosity of the plasma.

According to Klubnikin 10, the occurrence of turbulence in the flow inside a cylindrical tube (the shape of the plasma
torch channel) corresponds to the value of the Reynolds number = 800.

The Prandtl number, constructed from the physical properties of the environment (c,, — heat capacity, A — thermal
conductivity, g — dynamic viscosity) characterizes the thermophysical properties of the coolants.

Pr="52. 2)

The Reynolds and Prandtl numbers determine the dimensions of the dynamic boundary layer §, (the layer, where

the area velocity changes from the value at the outer boundary with the plasma to 0 at the particle outer boundary) and
the temperature boundary layer o (the layer, where the area temperature varies from the value at the outer boundary with

the plasma to the value at the particle outer boundary) 9:

ds
8, = ‘/?%, (3)
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where dg is the average particle diameter.

To set and solve the optimization problem, there is a mathematical apparatus that allows us to vary all the available
parameters, and the laboratory application that allows us to change only the following ones 10: voltage, current strength,
plasma forming gas flow velocity (plasma forming gas mass flow rate), feed velocity of the powder material (powder
mass flow rate).

Through the mathematical modelling the target function in the process of optimization task solving will be the max-
imum value of the efficiency. Based on 7, it follows:

@ AT,%,S B a-AT-lj-(mA-ﬂ-Rz-(n))
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where P — total power expended, P; — is the power, expended on the powder heating, AT— is the difference between plasma
temperature and the temperature, which supplied to the heated particles, 1; — is the length of the plasma jet thermal active
zone, Vo — velocity of the powder supply, Vg — velocity of the plasma forming gas, o — heat transfer coefficient, S — particles

Gt
ppow'g('ﬂRs)
material, ppo — the bulk density of the material, R — is the radius of the particle.

During the laboratory study the target function in the process of the optimization task solving will be the maximum
value of the process performance:

G
Py

surface (in the amount of n = by the time t), m — mass of the particles, G — the mass flow rate of the powder

m

w="=2, (6)
where Am is the mass increase of the substrate after coating, t is the coating application time.

For the convenience of correlation of the experiments results, in each of the study approaches the same parameters
are varied and the same functional restrictions are imposed on both researches.

For the mathematical and the real experiments realization, it is possible to vary all the following parameters:
G = Vpow * S1 * Ppow — Powder mass flow rate, S0 vy,4,, — Within the range from 10 to 100 m/s; G' = v * S; * pgas — flow
rate of the plasma forming gas, so v, — within the range from 50 to 200 m/s; Reynolds number Re (the character of the
gas flow movement), it is the calculated parameter for each case, and it directly depends from the plasma flow velocity,
temperature, nozzle diameter — it has a significant impact on the value of the o parameter; arc voltage U — within the range
from 100 to 200 V; arc current I — within the range from 100 to 200 A.

The functional limitations of this experiment are the following: inability of plasma torch geometric parameters con-
trol (Sc = 6 — 8 mm?,1. = 300 mm); constant spraying application time (t = 8 s); constant end equal power values in
the experiments on the study of laminar and turbulent flows (P = const. =24 000 W); constant temperature and dimensions
of the plasma arc central part (T = 6 000 K; Pr = ”'}Lﬁ = 0.54); constant 1 — distance to the surface of the workspace —

allows us to reduce the length of the jet, equal to the summary of its channel and outer parts I; = I + 1,q = 350 mm, ifl. <1
For modeling and the laboratory experiment the powdered metal (Al, Ni3Al) will be used with fraction, which is equal to
60 microns.
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Mathematical modeling for the technological
process optimization

The mathematical model of the processes occurring in the plasma torch is based on a several fundamental laws 8.

Law of the energy conservation (energy balance equation):
aT aT d (,0T\ , 10 (,dT
pep (v, +ve5) = 0B = Unaa + - (A5) + 12 (050). )
where o is the electrical conductivity of the plasma; E is the electric field strength; U, 4 is the plasma radiation; v, v, are
the axial components of the plasma velocity.
Maxwell’s laws:
divB=0
rotH=]
rotﬁ:—‘;—f' (8)
divE=E

where B is the magnetic induction, H is the magnetic field strength, T is the current density, € is the absolute permittivity.
Constitutive equations:

J=E_ 9
B = pyH; (10)
D = &E, (11)

Where D is electric induction, 1, magnetic permeability of the vacuum, €, vacuum permittivity.
Motion equations (law of the momentum conservation):

v av. [7] av 10 av. dp
vii 0 (va G2+ ve ) = 5 (W52) + 15 (mGE) = 52+ Foe + pg (12)
v vy 9z o ([ ov 10 av ap v
veip (vo G+t = 58) = 5 (m50) + 15 (mGE) = S0+ P — 38 (13)
av, av, VoV, a av, 10 ov \
Vi 0 (va 58 + e 2 = 2) = T (nTE) + 15 (mTE) + g — 032, (19
where v, is the angular component of the plasma velocity; p is the dynamic viscosity in the vacuum; Fg,, Fg,, Fg, are
. ap d . . . .
the components of the magnetic pressure force; 0—2, 0—13 are the gas static pressure gradients; pg, is the gravity force.
Continuity equation (law of the mass conservation):
3 10
o, (V) + - (rpvy) = 0. (15)

The “COMSOL Multyphysics” calculation system, the materials data from the application material library and the
build-in calculation modules were used for the development of the mathematical model.

Based on the absence of need for a detailed consideration of all the processes occurring in plasma arcs (during the
initial study of the influence of the movement nature of the gaseous environment on the heat exchange between the plasma
and the powder material), the problem is reduced to calculating the thermodynamics in the space, which surrounds the
metal particle.

Table 1 shows the results of calculations of the dynamic boundary layer and the temperature boundary layer. To
simplify the further calculations, the average size of the boundary region 6, and the color indication of the nature of gas
movement (green for the laminar flow and red for the turbulent flow) were introduced. The values were found by using
of data from the preliminary analytical R, u P. calculation (formulas (/-2)). Data from Table 1 directly affect on the
formulation of every subtask of thermodynamic process study.

To set the task the standard calculation modules for the “COMSOL Multyphysics” application were used. The block
diagram of the study statement is shown on the 0.

Calculation modules: “Laminar Flow (spf)”; “Turbulent Flow, k-¢”; “Heat Transfer in Solids and Fluids”; “Noniso-
thermal Flow”.

Materials: “Aluminum [solid]” — aluminum particle; “Air_1 [gas]” — plasma forming gas — air with properties for
6 000 K temperature condition; “Air_2 [gas]” — boundary layer (plasma forming gas zone with 1.5x increased value of
dynamic viscosity and a reduced in 2 times value of thermal conductivity.

For modeling a primitive 3-D geometry is used. It simulates the heat exchange system under consideration, which
includes two spheres and cube. The smaller sphere (with a diameter of 60 um) is aluminum particle. A large sphere (with
a diameter equal to 60 + dcp pm, according to the 0) is the boundary layer. The cube is a part of the plasma jet space, the
size of the cube face is 500 um. Boundary and initial conditions are indicated by callouts and inscriptions on the Fig. 2.

The desired values are the average temperatures of the particle, boundary layer and the plasma flow at the different
ratios of the velocities of the plasma forming gas and powder material supply. They are displayed in the form of color
maps (Fig. 3). An analysis of the calculation results makes it possible to compile the tables of values for the distribution
of average temperature indicators inside the study area.
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Calculation of the boundary layer geometric parameters

Table 1

Vpow/Vg 50 100 150 200
25 318.48 587.24 866.35 1148.29
50 402.85 636.96 900.79 1174.49
75 513.53 712.14 955.43 1216.90
100 636.96 805.69 1027.06 1273.91
Vpow/Vg 50 100 150 200
25 3.36 2.48 2.04 1.77
50 2.99 2.38 2.00 1.75
75 2.65 2.25 1.94 1.72
100 2.38 2.11 1.87 1.68
Vpow/Vg 50 100 150 200
25 4.55 3.35 2.76 2.39
50 4.04 3.21 2.70 2.37
75 3.58 3.04 2.62 2.33
100 3.21 2.86 2.53 2.27
Vpow/Vg 50 100 150 200
25 3.95 291 2.40 2.08
50 3.52 2.80 2.35 2.06
75 3.11 2.64 2.28 2.02
100 2.80 2.49 2.20 1.98
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Fig. 2. The set of the study.
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The calculation results (Table 2) showed, that the most efficient parameters of the heat exchange process were
achieved at the following speed of the two plasma flow components — Vp,o,, = 25,V = 150 m/s and the value of the
Reynolds number, which corresponds to the region of laminar-turbulent transition 11.
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Fig. 3. Typical color maps of flow velocity (left) and
temperature distribution inside the space of the model (right).

Table 2

Thermodynamic subtasks calculation results

Vpow/Vg, m/s 50 100 150 200
25 5180 5100 5400 5230
50 5110 5020 5340 5110
75 5040 4950 5290 5150
100 5000 5190 5230 5090
Vpow/Vg. m/s 50 100 150 200
25 0.88 0.86 0.91 0.88
50 0.86 0.85 0.90 0.86
75 0.85 0.84 0.89 0.87
100 0.85 0.88 0.88 0.86

Analysis of the turbulence influence in the electric arc plasma flow
by the laboratory study method

In order to confirm the assumptions, described above, a laboratory experiment was carried out.

Fig. 4. Plasma spraying process.
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Metal substrates, made of stainless steel plates of approximately equal dimensions and masses, at fixed technological
parameters (as it was described in the part 1) were coated by plasma spraying (detail description of the process is available
in the [12-22]). Then the mass gain of the plates was measured for each case, and the values of the Reynolds number,
productivity, and process efficiency were calculated.

During the first experiment, the coatings were sprayed at the constant powder supply rate (0.75 g/s) and a variable
mass flow rate of the plasma forming gas (as it is shown in the 0). Through the second experiment, the coatings were
sprayed at the variable powder supply rate (0.4—0.8 g/s) and a constant mass flow rate of the plasma forming gas equal to
0.75 g/s, which was changed to 1 g/s and 1.4 g/s in the process of the third and fourth experiments. To set the corrections
on the increasing amount of the material supplied, an innovative technique was applied — during the experiment of deter-
mination the effect on heat transfer of the nature of the movement of gas flows, a mixture of aluminum and low-melting
NaCl that does not settle on the substrate 17 was used in each measurement with a proportional content of elements,
calculated on the basis of mixture feed rate (7able 4).

Based on a formula (5), the value of the heat transfer coefficient a is determined by the following equation:

U-I*(n'm/(G))m U-I-(m/G)
ATZS 7y S (/M=)

By the values of the mass flow rate of the plasma forming material and formulas (16—19), the values of the velocities
of the corresponding flows were obtained.

Table 3

The results and data of the experiment No. 1

G',g/s Vg, m/s ml, g m2, g Am, g W, g/s Vp, m/s Re n, % a, W/(K-m”"2)
0.500 103.821 81.390 82.062 0.672 0.084 144.148 634.586 14.000 14475.005
0.550 114.203 101.114 101.706 0.592 0.074 151.797 668.257 12.333 11975.550
0.600 124.585 103.820 104.364 0.544 0.068 159.754 703.287 11.333 10496.576
0.650 134.967 109.430 109.941 0.511 0.064 167.976 739.484 10.646 9496.186
0.700 145.349 103.190 103.653 0.463 0.058 176.426 776.684 9.646 8298.640
0.750 155.731 101.210 101.632 0.422 0.053 185.073 814.750 8.792 7336.162
0.800 166.113 105.790 106.175 0.385 0.048 193.890 853.566 8.021 6518.479
0.850 176.495 103.760 104.110 0.350 0.044 202.856 893.035 7.292 5789.304
0.900 186.877 103.920 104.243 0.323 0.040 211.951 933.073 6.729 5240.314
0.950 197.259 105.670 105.976 0.306 0.038 221.159 973.610 6.375 4888.983
1.000 207.641 103.190 103.478 0.288 0.036 230.467 1014.586 6.000 4537.130

The flow rate of the substance with a density p, mass flow rate G, passing through a section with an area S, is defined by 10:
Gn
Vn = m ( 17 )
The total speed of two perpendicular directed streams (v;, v,) is defined by the folloeing equation:
v=,/vZ+vi (18)
The dynamic system of aluminum particles moving by an air flow can be represented as an equation (for a unit
volume and a unit area of space):

ngow = Fpow - Fp, (19)
where Fgp,q,, is the force, with which the air flow from the dispenser acts on the particle; Fp,, is the force, with which
the particle acts on the oncoming air flow; F, is the drag force in the considered space.

Pgas'Vgpow2'51 _ Ppow-Vpowz'Sl _ 1,05'pgas'S1Vpow? (20)
2 2 2 !

where pg,s is the density of air at room temperature; ppoy, i the aluminum density at room temperature; Vgpo, is the air
flow velocity; Vpoy is the velocity of the particles; S; — unit area, equal to 1; 1.05 — resistance to the drag force in the

considered space 10.
Therefore, in the case of moving aluminum particles by an air flow at a known mass flow rate of particles, the air
flow velocity is determined by the equations:

G 2 G 2
(et —)2-1.05pgas (e
Ppow (SZ'Ppow) Pgas (SZ'Dpow)

Vgpow = € ), 21)

Pgas
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where ppoy =

Megy,

¢ 100

Mey,
'pme+(1_T0°)'PNaC1)

—
Vp =

2

2
Vgas T

¢ \? G \?
_ppow'(SZ'Ppow) +1'05'pgas'(52'9pow)

Pgas

(22)

— the density of the supplied powder material (depends on the percentage of metal

Mey, in mixture); S, — valve area; pp, is the used metal density at room temperature; pyac is the salt density at room

temperature.

The results of the experiments are presented in the form of graphs (Fig. 5). For the cases No. 1, No. 3, no. 4 the
dependence was obtained with the character, which is close to logarithmic. The dependence for the case No. 2 has a
character, which is close to exponential.

Table 4
The results and data of the experiments No. 2—4.

Al, % | G, g/s ‘Vgpow, m/s ‘ ml, g I m2, g I Am, g I W, g/s I Vp, g/s Re I 1, % |o, W/(K-m"2)
100.0 0.400 99.278 106.308 106.510 0.202 0.025 193.519 751.703 6.312 10053.859
88.9 0.450 115.389 107.124 107.354 0.230 0.029 202.258 785.649 7.188 10735.295
80.0 0.500 131.813 110.026 110.298 0.272 0.034 212.057 823.713 8.500 12151.513
72.7 0.550 148.498 104.110 104440 0.330 0.041 222.812 865.488 10.313 14366.706
66.7 0.600 165.403 106.102 106.482 0.380 0.048 234.418 910.571 11.875 16237.665
61.5 0.650 182.497 108.666 109.106 0.440 0.055 246.777 958.578 13.750 18667.413
57.1 0.700 199.754 101.380 101.903 0.523 0.065 259.798 1009.158  16.344  22363.573
53.3 0.750 217.152 103.881 104.491 0.610 0.076 273.401 1061.999  19.063  26480.084
50.0 0.800 234.673 103.490 104.260 0.710 0.089 287.515 1116.821  22.188  31606.702

Al, % | G, g/s ‘Vgpow, m/s ‘ ml, g I m2, g I Am, g I W, g/s I Vp, g/s Re I n, % |a, W/(K-m"2)
100.0 0.400 99.278 107.124 107.344 0.220 0.028 201.199 781.536 6.875 11453.072
88.9 0.450 113.725 107.180 107.420 0.240 0.030 208.706 810.698 7.500 11598.254
80.0 0.500 128.754 108.026 108.296 0.270 0.034 217.262 843.929 8.438 12349.767
72.7 0.550 144.417 101.110 101.420 0.310 0.039 226.895 881.348 9.688 13648.201
66.7 0.600 160.774 103.102 103.452 0.350 0.044 237.641 923.090 10.938 15001.775
61.5 0.650 177.892 108.666 109.086 0.420 0.053 249.541 969.315 13.125 17888.862
57.1 0.700 195.852 100.380 100.860 0.480 0.060 262.646 1020.221  15.000  20421.846
53.3 0.750 214.743 103.881 104.431 0.550 0.069 277.019 1076.052  17.188  23643.695
50.0 0.800 234.673 103.490 104.260 0.620 0.078 292.739 1137.115 19375  27121.446

Al, % | G, g/s ‘Vgpow, m/s ‘ ml, g ‘ m2, g ‘ Am, g ‘ W, g/s ‘ Vp, g/s Re ‘ n, % |a, W/(K-m"2)
100.0 0.400 99.278 107.124 107.334 0.210 0.026 209.955 815.547 6.563 11370.086
88.9 0.450 113.725 107.124 107.354 0.230 0.029 217.160 843.534 7.188 11526.251
80.0 0.500 128.754 110.026 110.271 0.245 0.031 225.394 875.520 7.656 11527.397
72.7 0.550 144.417 104.110 104.390 0.280 0.035 234.694 911.643 8.750 12620.137
66.7 0.600 160.774 106.501 106.811 0.310 0.039 245.098 952.058 9.688 13514.579
61.5 0.650 177.892 109.666 110.006 0.340 0.043 256.653 996.941 10.625 14477.560
57.1 0.700 195.852 102.380 102.760 0.380 0.048 269.412 1046.503  11.875 15995.712
53.3 0.750 214.743 103.861 104.281 0.420 0.053 283.443 1101.002  13.125 17609.949
50.0 0.800 234.673 102.490 103.260 0.480 0.060 298.825 1160.753  15.000  20330.539
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Results discussion

Dependence of the productivity of the studied technological process on the Reynolds number
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Fig. 5. Comparative research results.

The laboratory study results demonstrate that the decrease in the productivity of the process in the first case is due
to the generalized effect of a significant reduction in the trajectory of particles (fixed channel dimensions, fixed position
of the plasma torch, reduction in the angle between the flight trajectory and the central axis of the plasma jet) and the
increasing of the speed of their movement. This leads to the fact that the time that the particles spent inside the flow
becomes insufficient for the melting of particles of a large fraction (50—60 pm), which entails a decrease in the mass gain
with an increase in the plasma gas supply rate (longitudinal velocity) 13. At the same time, it should be noted that in the
region of the transition of the jet motion nature to the turbulent regime there is a slight decrease in the steepness of the
fall of the studied characteristic.

In the case of an increase in the feed rate of the powder material (transverse velocity), the trajectory of the particles
increases, which entails an increase in the amount of time that the particles stay in the plasma jet 23, which together with
a positive effect of the nature of flow movement transition to turbulent character (in the region of the jet movement nature
transition to turbulent regime there is a sharp enhance in the steepness of the increase in the characteristic under study)
confirms the assumption that the property of heat transfer improves in the region of the laminar-turbulent transition. The
influence of the magnitude of the longitudinal and transverse components of the plasma flow velocity 24 was demon-
strated in mathematical model, which was presented by our team in 13.

To conformation of the assumptions, which were made earlier, an additional experiment was carried out — the reit-
eration of the experiments No. 2—4 with the replacement of the aluminum metal powder with a higher density material
(Ni3Al) for which, theoretically, it is possible to improve the trajectory of motion in the plasma flow with an absolutely
identical material supply parameters, as in the previous experiments, associated with the expected positive effect of the
free fall acceleration value increase for each particle (to an acceptable extent, which should allow increasing the time that
a particle spent inside the flow without vertical escape). Calculations (7able 5) were supplemented by the parameter o
check with the formula, which is based on the Nusselt number value 9:

Nu =2 + 0.6 - Re®>Pr033 | (23)
Nu-(A: A
g = u( 3;).0;; 6000) , (24)

where Nu — the Nusselt number, 349 and A4 — thermal conductivity of the material at the temperature equal to 300 and

6 000 K.

As expected, as a result, the dependencies of a similar nature were obtained, and the process productivity was in-
creased by almost 1.5 times for the first plasma spraying configuration.

The correlation of the values of the heat transfer coefficient found by the various methods can become the subject
of long discussions 25, since, from the standpoint of conformism 26, it demonstrates the inconsistency of the formula (76).
On the other hand, due to the fact that the measurements were carried out in the poorly studied region of the laminar-
turbulent transition 27, that obtained relations between the values o u oy, for each experiment got the different kinds of
dependences between each other, the fact that the order of these values approximately coincides, and, furthermore, the
fact that for the experiment No. 6 this values are approximately identical, we, trying ourselves on the role of innovators,
have the moral right to believe that the developed concept can be realistic.

On the basis of the results of the laboratory study, we can make an unambiguous conclusion — the turbulent nature
of the plasma flow positively affects on the heat exchange between plasma and powder. The most optimal parameters of
plasma spraying processes are:

e  increased residence time of powder material inside the plasma jet, achieved by increasing of the movement trajec-
tory, by the regulations of the longitudinal component of the flow velocity within certain limits, which require ad-
ditional research to be found;

e  the largest value of the Reynolds number, which corresponds to the first condition (and as it seen — it is sets in the
range of values, corresponding to the laminar-turbulent transition area).
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Table 5

The results and data of the experiments No. 5-7

Ni3Al, % G, g/s Vegpow, m/s | ml, g m2,g Am, g W, g/s | Vp, m/s Re n, % |a, W/(K-m"2) W, /&2& A2)
100.0 0.400 59.575 104.526  105.041 0.515 0.064 176.473 685491 16.094 72532.831 59994.261
88.9 0.450 70.456 104.122  104.699 0.577 0.072 180.437 700.889 18.031  75603.904 60184.816
80.0 0.500 81.798 108.023  108.657 0.634 0.079 185.161 719.237 19.813  78426.837 60409.165
72.7 0.550 93.560 103.320  104.043 0.723 0.090  190.649 740.555 22.594 86723.532 60666.263
66.7 0.600 105.704 106.432  107.810 0.778 0.097 196.893  764.810 24.313  90352.028 60954.324
61.5 0.650 118.200 108.666  109.479 0.813 0.102  203.874 791.927 25.406 91567.246 61271.018
57.1 0.700 131.019 100.650  101.535 0.885 0.111  211.564 821.799 27.656 99035.217 61613.662
533 0.750 144.137 103.940 104.882 0.942 0.118 219930 854293 29.438 104858.228 61979.396
50.0 0.800 157.533 111.450 113.040 0.990 0.124 228933 889.265 30.938 109878.842 62365.328

Ni3Al, % G, g/s Vgpow, m/s| ml, g m2, g Am, g W, g/s | Vp, m/s Re n, % |a, W/(K-m"2 W/((;gxl:;"Z)
100.0 0.400 59.575 101.250 101.620 0.370 0.046  184.863 718.080 11.563 51791.430 60395.097
88.9 0.450 70.456 107.180  107.573 0.393 0.049  188.651 732.793 12.281 50309.393 60573.088
80.0 0.500 81.798 108.026  108.460 0.434 0.054  193.173 750362 13.563 51959.887 60783.289
72.7 0.550 93.560 101.110  101.597 0.487 0.061 198.440 770.819 15219 55513.558 61024.980
66.7 0.600 105.704 105.910 106.440 0.530 0.066  204.447 794.151 16.563 57975.737 61296.741
61.5 0.650 118.200 108.666  109.242 0.576 0.072  211.178 820.298 18.000 61128.990 61596.605
57.1 0.700 131.019 100.380  100.981 0.601 0.075 218.611 849.172 18.781  61900.760 61922.230
533 0.750 144.137 103.881 104.507 0.626 0.078  226.717 880.657 19.563 63014.631 62271.052
50.0 0.800 157.533 103.680  104.330 0.650 0.081 235461 914.621 20313 64306.464 62640.425

S PeMWG =g

Ni3Al % Vgpow, m/s| ml, g m2, g Vp, m/s Re a, W/(K-m”"2 w /((;l(\{z; 2)
100.0 0.400 59.575 103.950 104.220 0.270 0.034 194356 754955 8.437  38378.429 60837.839
88.9 0.450 70.456 104.514  104.796 0.282 0.035 197.962 768.963 8.813  36440.718 61003.186
80.0 0.500 81.798 105.214  105.509 0.295 0.037  202.277 785.723 9.219  35213.207 61199.048
72.7 0.550 93.560 103.660  103.964 0.304 0.038 207312 805283 9.500 33914.935 61425.003
66.7 0.600 105.704 104.100 104.418 0.318 0.040  213.069 827.644 9.938  33585.767 61679.976
61.5 0.650 118.200 104.331  104.666 0.335 0.042  219.536 852.765 10.469 33850.589 61962.358
57.1 0.700 131.019 103.210  103.563 0.353 0.044  226.696 880.575 11.031 34417.992 62270.150
533 0.750 144.137 100.810 101.177 0.367 0.046  234.522 910975 11.469 34721.201 62601.101
50.0 0.800 157.533 101.147  101.530 0.383 0.048 242985 943.849 11.969 35396.029 62952.828

Heat transfer coefficient values
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Fig. 6. Heat transfer coefficient values obtained by various methods.
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Conclusions

The results of laboratory and mathematical experiments indicate the positive influence of the turbulent nature of the
gaseous environment movement presence on the value of the heat transfer coefficient a; however, the optimal operating
modes of plasma torches in the process of plasma spraying should take into account the need for the particles to be melted
in the plasma flow for a certain time (sufficient to melt the largest-fraction particles which used). Discovered through the
research the fact that the optimal configurations are the ones with the transitional nature of the movement of plasma flow —
working in the laminar-turbulent transition area — with a few more evidences may become the basis of the new paradigm
for the plasma spraying systems applications optimization and make a breakthrough in this technology.

On the basis of the correlation of the results of mathematical and laboratory experiments, in the first approximation,
the optimal ratio of the plasma forming gas and the powder material feeding flow rates is equal to 1:1.5.

On the basis of the results of the study, it becomes clear that the installation dimensions (nozzle cross section,
channel length) also have a large degree of influence on the processes under consideration. In order to find the most
optimal particle trajectories, it is necessary to perform a series of additional experiments that takes into account the chan-
nel geometry, the distance to the substrate and modernize the main equations, by the adding of the more accurate velocity
calculations.

The study was carried out within the framework of the research topic under the state assignment of Ministry of Science and
Higher Education of the Russian Federation “FSEG-2023-0012".
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